INTRODUCTION {#s0}
============

Bacteria are able to sense and respond to multiple external cues in their local environment. These responses allow cells to move into optimal or away from suboptimal environments by using a variety of appendages, such as flagella or pili. The chemotactic networks responsible for transducing inputs into complex motility responses are among the most extensively studied of all biological systems ([@B1][@B2][@B3]). Much of the knowledge about signaling in bacteria comes from cellular responses to individual inputs, although in the environment cells must deal with combinations of dynamic and antagonistic cues. In photosynthetic microbes, light powers photosynthesis, but high light levels and UV irradiation can also be damaging to cells, and so such microbes have evolved multiple mechanisms to reduce damage and move into optimal light environments. One such behavioral response is phototaxis, by which cells detect a light source and move toward it (positive phototaxis) or away from it (negative phototaxis). This process has been extensively studied in the model unicellular cyanobacterium *Synechocystis* sp. PCC6803 (here, *Synechocystis*) ([@B1], [@B4][@B5][@B8]). Photosynthetic cells experience varied light intensities and wavelengths throughout the day, which depend on the local environment of the bacterium (e.g., soil versus water, or over the diel cycle). These wavelengths of light are differentially absorbed and used by the photosynthetic apparatus, which in turn affects the energetics and growth of the cell. Cells appear to sense the direction of light rather than a gradient of intensity ([@B6], [@B9]), but we have limited understanding of how light is sensed, whether cells measure flux in a graded manner, how multiple signals are integrated, and how simple or complex light inputs are transduced to the bacterial motility machinery to achieve directional movement.

In our *Synechocystis* strain (the Carnegie substrain; see Materials and Methods), phototaxis occurs through biased movement toward or away from an illumination source placed at an oblique angle to the surface (see [Movie S1](#movS1){ref-type="supplementary-material"} in the supplemental material) ([@B10], [@B11]). On a moist agarose surface, cells move toward a white light source, and over time communities of cells in finger-like projections emerge from an initially homogeneous distribution of cells ([@B11], [@B12]). The extent of formation of the finger-like projections at a fixed time point after inoculation is a function of the initial inoculation density ([@B12]). Furthermore, light input is also an energy source that allows for cell growth and division, which impact collective motility behaviors over long time periods. Cells exhibit both spatial and population heterogeneity in their phototactic responses, and individual cells can respond within minutes to changes in light conditions ([@B10]). Movement directionality is determined only by the current light direction, rather than based on a long-term memory of previous conditions ([@B10]). Our previous measurements indicated that motility bias likely results from the polarization of pilus activity, yielding variable levels of movement in different directions ([@B10]), similar to that seen with *Pseudomonas aeruginosa* chemotaxis ([@B13][@B14][@B15]). A recent study that used the Moscow substrain of *Synechocystis* sp. observed directed movement toward the light source rather than biased random walk behavior. This difference has also been observed at the population level, wherein an entire colony of the Moscow substrain moved toward white light; however, during phototaxis of the Carnegie substrain, a significant fraction of the cells remained in the space occupied by the original inoculation ([@B16]). The current study utilized only the Carnegie substrain.
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Time-lapse imaging of *Synechocystis* cells illuminated by a single red LED. LED illumination is from the top of the movie (as for [Fig. 1](#fig1){ref-type="fig"} and [3](#fig3){ref-type="fig"}). Cells appear to move in biased random walks toward the light. One microliter of cells from a culture with an OD~730~ of \~0.8 was placed in the center of a 50-mm plastic petri dish (BD Falcon) containing 0.4% (wt/vol) agarose in BG-11 medium. Upon adsorption of the inoculum onto the agarose, the plate was inverted and placed in front of a red LED (Roithner LaserTechnik GmbH; LED660N-03, 5 mm, 15 mW, 24° spread), such that the LED was positioned 50 mm from the center of the droplet (which had a diameter of 2.5 mm) at the level of the agarose. Imaging was conducted at the center of the droplet at 30°C, 24 h after being exposed to red light illumination. Download MOVIE S1, AVI file, 17.9 MB.
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In *Synechocystis*, incident light activates photoreceptors ([@B5], [@B16][@B17][@B20]), resulting in a signal transduction cascade that activates type IV pili ([@B21][@B22][@B23]), and motility is increased wherever cells have deposited extracellular polymeric substances (EPS) ([@B11], [@B12]), suggesting that EPS provides a medium for cell-cell communication to drive collective behaviors. Simulations based on a minimal biophysical model demonstrated that the combination of a biased random walk with motility-enhancing EPS secretion was sufficient to generate communities with similar fingering spatial patterns and on similar time and length scales as those determined from experimental data ([@B12]).

The phototactic response of cyanobacteria depends on the wavelength of the incident light. Light wavelengths ranging from red to green result in positive phototaxis, while cells do not move or exhibit negative phototaxis away from blue or UV light, which can damage DNA and other cellular components ([@B1], [@B7], [@B8]). Similar to plant phytochromes, some photoreceptors in *Synechocystis* exhibit two photoreversible conformational states upon absorption of light with a specific wavelength. TaxD1 (also known as PixJ1) is the major photoreceptor required for positive phototaxis. It is a cyanobacteriochrome that exhibits blue-green photoreversion and switches between a blue light-absorbing form (*P*~*b*~; *λ*~max~ = 425 to 435 nm) and a green light-absorbing form (*P*~*g*~; *λ*~max~ to 535 nm) ([@B24]). Some photoreceptor pairs also have overlapping absorption spectra (e.g., TaxD1 and PixD at 435 nm and TaxD1 and UirS at 535 nm), suggesting the potential for complementary or antagonistic roles in mediating positive and/or negative phototaxis ([@B19], [@B24], [@B25]). The molecular mechanism by which cells integrate a set of photoreceptor inputs is unknown.

In this study, we examined *Synechocystis* phototaxis in response to light of different wavelengths and intensities and to multiple inputs with different incidence directions or wavelengths. We determined that at the single-cell level, green light and red light promote positive phototaxis by increasing motility bias toward the light source in an intensity-dependent manner, while blue light inhibits motility altogether. *Synechocystis* cells integrate multiple light inputs of the same wavelength, resulting in motility along the vector sum of the light sources and altered step sizes under illumination by competing light sources. Recovery of phototactic bias at the single-cell level after transient substitution of blue light for green light was much slower than the loss of bias when green light was removed, but this slow recovery could be suppressed by maintaining the green light input. Taken together, our results reveal how interactions among the components responsible for promoting or inhibiting phototaxis are transduced into a complex range of cellular and community behaviors.

RESULTS {#s1}
=======

Phototaxis under narrow-spectrum red light illumination is flux dependent. {#s1.1}
--------------------------------------------------------------------------

We performed a standard phototaxis assay ([@B6], [@B10][@B11][@B12], [@B16]), wherein spots of cells were illuminated by a red light-emitting diode (LED) placed almost level with the surface of the agarose ([@B8]). Red light illumination was selected to stimulate positive phototaxis, primarily because there is only one known *Synechocystis* photoreceptor that responds to red light ([@B8]). Small volumes (1 μl) of exponentially growing *Synechocystis* cells were spotted onto a low-concentration (0.4%) agarose plate in a grid pattern, such that each spot was at a different distance and/or orientation relative to a directional, narrow-spectrum red LED ([Fig. 1A](#fig1){ref-type="fig"}). We directly measured light flux at these grid positions (see Materials and Methods), verifying that cells in spots farther from the LED experienced less light flux than cells closer to the LED, as did spots placed away from the central axis of the LED ([Fig. 1B](#fig1){ref-type="fig"}, panel i).

![Intensity of red light illumination dictates phototactic bias. (A) *Synechocystis* cells were inoculated in a square grid pattern on a round petri dish and exposed to a red (660 nm) LED. The position of each spot on the plate determined the incident light intensity. (B, panel i) Color map of the integrated intensity of light from 400 to 700 nm at the center positions of each droplet of cells, with intensity decreasing at distances further from the LED. Intensity was measured in units of µE per square meter per second, with 1 µE = 10^−6^ mol photons. (ii) Snapshot of communities of cells along the central axis of the plate (red rectangle in panel i) imaged after 48 h in the presence of a red LED. Each circular community was inoculated onto one of the positions on the square grid in panel i. The gradient describes the peak intensity at 655 nm. Communities closer to the LED (top of the axis) exhibited longer finger-like projections than communities further from the LED (bottom of the axis). Similar behavior was observed in 7 independent experiments. (C to E) The movement bias (C) of individual cells increased with light intensity, while the fraction of cells that exhibit motility (D) (see Materials and Methods) and speed along the light axis (E) remained approximately constant. Single-cell measurements were obtained 6 h after inoculation. Error bars represent standard error of the mean (results from three independent experiments). The behavior of \>500 cells was measured for each data point.](mbo0011731880001){#fig1}

We examined five spots along the central axis ([Fig. 1B](#fig1){ref-type="fig"}, panel i, red box) 48 h after inoculation and observed a flux-dependent community response: the extent of formation of finger-like projections ("fingering") was progressively reduced at lower incident fluxes ([Fig. 1B](#fig1){ref-type="fig"}, panel ii). We investigated how this graded phototactic behavior arose by analyzing the motility of single cells. To achieve a finer resolution in flux, we imaged 10 spots placed at increasing distances away from the red LED 6 h after inoculation. The five highest intensities tested were the same as those in [Fig. 1B](#fig1){ref-type="fig"}, with fluxes ranging from 0.6 to 1.72 μE m^−2^ s^−1^ (measured at 655 nm). We observed a flux-dependent increase in the movement bias of cells ([Fig. 1C](#fig1){ref-type="fig"}). However, the fraction of motile cells ([Fig. 1D](#fig1){ref-type="fig"}) and their average speed along the axis toward the LED ([Fig. 1E](#fig1){ref-type="fig"}) were approximately constant, suggesting that cells respond to different fluxes in the light environment solely by changing the degree of bias toward the light source.

Cells integrate information from multiple light sources with different incidence directions. {#s1.2}
--------------------------------------------------------------------------------------------

We hypothesized that cells are capable of sensing and integrating information from multiple light sources into a coordinated phototactic response. To test this hypothesis, we exposed *Synechocystis* cells to a combination of light sources with varying fluxes and from different directions. First, we illuminated cells with two red LEDs providing incident light from opposite directions ([Fig. 2A](#fig2){ref-type="fig"}). The LEDs were held along the periphery of a custom cylindrical chamber with a petri dish in the center of the chamber and were chosen to emit similar levels of light flux (as technically feasible). Phototactic behavior at five spots was observed, such that the center spot was equidistant from the two LEDs. After 48 h, spots 1 and 5 showed the highest degree of fingering, while spots 2 and 4 showed less fingering ([Fig. 2A](#fig2){ref-type="fig"}), which is consistent with results for experiments using one red LED ([Fig. 1B](#fig1){ref-type="fig"}, panel ii). Interestingly, these colonies displayed more extensive fingering than an equivalent colony exposed to only one LED ([Fig. 1B](#fig1){ref-type="fig"}, panel ii), suggesting that cells do not merely detect a difference between two incident fluxes. However, the center spot (spot 3) had no discernible fingering toward either LED (the very small finger at the bottom of the spot was likely caused by a slight difference in LED intensities). This finding suggests that signals from the two LEDs counteracted each other, resulting in a lack of phototaxis in either direction.

![*Synechocystis* cells integrate information from multiple light sources with different incident directions. (A) A column of spots was exposed to two red LEDs on opposite sides of the dish at equal distances relative to the plate center. Communities were imaged after 48 h of light exposure. Spots in the center column closer to LED 1 (boxes 1 and 2) or 2 (boxes 4 and 5) moved toward the closer LED; the center community (box 3) exhibited only a slight degree of phototaxis toward LED 2. Similar behavior was observed in 7 experiments. (B) A square grid of spots on a round petri dish was exposed to two red LEDs oriented with 90° separation along the outside of the plate. Red lines represent the approximate extent of the cone of light illumination. Communities were imaged after 48 h of light exposure. Spots placed along the central axes exhibited characteristic fingering oriented toward the closer LED (boxes 1 to 4). Communities at the center of the dish or slightly farther from the LEDs moved along the vector sum of the two incident directions (boxes 5 and 6). Communities in boxes 7 and 8 first started moving toward the farther LED and then changed direction, presumably once they entered the cone of light from the closer LED. The community in box 9 bifurcated into fingers that moved toward each LED separately. Similar behavior was observed in 7 experiments. (Upper left inset) Color map of the estimated integrated intensity of light from 400 to 700 nm at the center positions of each droplet of cells. Intensities were estimated by combining the intensity matrix in [Fig. 1B](#fig1){ref-type="fig"}, panel i, with its transposed form, since the light meter could not simultaneously measure normally incident intensities from the two LEDs.](mbo0011731880002){#fig2}

Next, we asked how cells respond to two perpendicular light sources ([Fig. 2B](#fig2){ref-type="fig"}; see also [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material), which could provide conflicting directional signals. Several interesting and distinct behaviors were apparent. As expected, spots closest to the LEDs (boxes 1 and 2 in [Fig. 2B](#fig2){ref-type="fig"}) exhibited phototaxis toward the closer LED, although the fingering was not as extensive as with the spots slightly farther away along the incidence axes of the respective LEDs (boxes 3 and 4), suggesting that information from the second LED impacted phototaxis in the preferred direction. Most noticeably, inoculations located at the center (box 5) or in the lower right quadrant (e.g., box 6) exhibited fingering along the vector sum of the two LED light paths, indicating integration of the vector light signals. The behavior of the other spots that were in positions in which they were differentially exposed to the light sources as they exhibited fingering provided further insights into the dynamic behavior of phototaxing communities. Spots that were relatively close to one LED but initially outside the light cone of the closer LED changed finger direction over time, first moving toward the further LED, whose light cone was associated with higher flux, and then moving toward the closer LED as the flux from the closer LED increased (spots 7 and 8). Moreover, cells in spot 9 that were placed between the inner viewing half angles of the two LEDs underwent phototaxis toward both LEDs, with one subpopulation of cells moving toward LED 1 and another subpopulation moving toward LED 2 along the respective light axes (spot 9). Thus, communities respond to two light sources by integrating the incident fluxes in a dynamic manner.
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Photograph of illumination from LEDs used for multiple-light-source experiments in a perpendicular arrangement. Download FIG S1, PDF file, 30.7 MB.
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Light signals from different directions are integrated to either cancel light-based motility bias or induce superposition of the two biases. {#s1.3}
--------------------------------------------------------------------------------------------------------------------------------------------

To determine the origins of the dramatic range of macroscopic behaviors observed under a single light source or two light sources (either opposing or perpendicular), we performed single-cell time-lapse imaging and tracked motile cells within the central region of the central spot between two opposing or perpendicular LEDs, 24 h after the spots were placed on the agarose.

In the community equidistant between two opposing LEDs that did not exhibit fingering ([Fig. 2A](#fig2){ref-type="fig"}), the movement bias along both the directions perpendicular (*x*) and parallel (*y*) to the light sources was close to zero ([Fig. 3A](#fig3){ref-type="fig"}, green bars), consistent with the fact that no fingering was observed when cells were exposed to opposing, equal intensity light. Nonetheless, cells maintained nonzero speeds in both the *x* and *y* directions ([Fig. 3B](#fig3){ref-type="fig"}), indicating that the opposing LEDs did not abolish motility. For the community exposed to two perpendicular LEDs, the bias was positive (toward the LEDs) in both directions, and the magnitude of bias was similar to that of a community at the same distance from a single LED along the incidence direction ([Fig. 3A](#fig3){ref-type="fig"}, red bars). Bias along the perpendicular direction was \~0 for a single LED ([Fig. 3A](#fig3){ref-type="fig"}, blue bars). Thus, motility bias at the single-cell level is consistent with the community-scale behavior.

![Light signals of equal intensity from opposite directions cancel light bias, while perpendicular signals induce a superposition of the two biases. (A) Movement bias along the *x* and *y* directions in the presence of various LED orientations. Motility bias was approximately 0 in both directions for two opposing LEDs; bias along the *x* and *y* axes in the presence of two perpendicular LEDs was similar to the *y*-direction bias of a single LED. Cells were imaged 24 h after inoculation. Error bars are standard error of the mean (*n* = 3 independent experiments). The statistical significance of differences in the means was determined using Student's *t* test. \*, *P* \< 0.05; \*\*, *P* \< 0.01. (B) Single-cell speed along each axis did not significantly differ among all cases shown in panel A, except for the *y* direction for two opposing LEDs. \*, *P* \< 0.05. (C) Distribution of step sizes was similar for a single LED and two perpendicular LEDs, while cells took a higher fraction of larger step sizes in the presence of two opposing LEDs. The number of contributing cells was 951, 1,141, and 2,310 under each respective light condition. (D, top) By mapping steps to polar coordinates, distributions of single-cell step angles were found to be consistent with community behaviors. Concentric circles correspond to frequencies of 0.02, 0.04, 0.06, and 0.08. (Bottom) Step size as a function of step angle. Error bars indicate standard deviations of step sizes measured for steps in 10°-wide bins of angles. (i) In the presence of a single LED, cells take a larger fraction of steps toward the light, but step size is independent of step angle. (ii) In the presence of two opposing LEDs, cells increase the fraction of steps toward each LED, and step sizes are larger along the light axis (arrowheads). (iii) In the presence of two perpendicular LEDs, cells take a larger fraction of steps along the direction of the vector sum of the two light directions (arrow), and have a uniform distribution of step sizes as a function of step angles. The number of contributing cells was 951, 1,141, and 2,310 under each respective light condition.](mbo0011731880003){#fig3}

As with a single LED employed at different fluxes ([Fig. 1E](#fig1){ref-type="fig"}), exposure to perpendicular LEDs did not affect the speed of motile cells relative to the speed with a single LED ([Fig. 3B](#fig3){ref-type="fig"}, red). However, exposure to opposing LEDs increased the speed of single cells, particularly in the directions of the light sources ([Fig. 3B](#fig3){ref-type="fig"}, green); this experiment is the only one that revealed a substantial increase in single-cell speed. This increase was consistent with the distribution of step sizes: cells took a higher fraction of longer steps in the presence of two opposing LEDs ([Fig. 3C](#fig3){ref-type="fig"}). The distribution of step angles was consistent with community behaviors and bias values ([Fig. 3D](#fig3){ref-type="fig"}, top), particularly in the case of two perpendicular LEDs, with cells most frequently stepping in the direction between the two LEDs ([Fig. 3D](#fig3){ref-type="fig"}, panel iii). The step-size distribution as a function of step angle was flat for a single or two perpendicular LEDs ([Fig. 3D](#fig3){ref-type="fig"}, panels i and iii). We were intrigued to find that, in the presence of two opposing LEDs, this distribution was nonuniform, with larger steps in the directions toward either LED ([Fig. 3D](#fig3){ref-type="fig"}, panel ii). These results for the two opposing LEDs are consistent with the faster motion of cells under this light condition ([Fig. 3B](#fig3){ref-type="fig"}) and suggest that the competing effects of the two opposing LEDs increase cell motility.

Green light promotes phototaxis in a flux-dependent manner, while blue light stimulates growth but inhibits motility. {#s1.4}
---------------------------------------------------------------------------------------------------------------------

Typical phototaxis experiments have used white light or a narrow range of wavelengths to elicit motility responses, although previous results have shown that *Synechocystis* has photoreceptors that are responsive to different wavelengths of light ([@B8]) and that cells can exhibit both negative and positive phototaxis ([@B4]). Therefore, we argued that characterizing responses to specific wavelengths at varying intensities or to different combinations of light could provide additional insight into how these responses are integrated at a cellular level. We probed the phototactic responses to green light (535 nm), which promotes positive phototaxis, and blue light (435 nm), which inhibits phototaxis, at different incident fluxes. To encompass a range of green light fluxes, we used an intermediate-brightness and a high-brightness LED and measured the behavior under illumination intensities (measured at 535 nm) from 0.35 to 1.38 and 0.51 to 1.97 µE m^−2^ s^−1^, respectively ([Fig. 4A](#fig4){ref-type="fig"} and [B](#fig4){ref-type="fig"}). After 48 h, communities grown in a higher flux of green light demonstrated more fingering (left side of [Fig. 4A](#fig4){ref-type="fig"} and [B](#fig4){ref-type="fig"}), similar to behavior observed under red light illumination ([Fig. 1B](#fig1){ref-type="fig"}, panel ii). This behavior could be attributed to a flux-dependent increase in motility bias, while there was little change in the motile fraction and speed ([Fig. S2](#figS2){ref-type="supplementary-material"}). Communities experiencing higher fluxes also appeared denser ([Fig. 4A](#fig4){ref-type="fig"} and [B](#fig4){ref-type="fig"}; compare leftmost and rightmost spots, which were spotted at equal cell densities). Thus, there was likely more cell growth and division over this time period at higher light fluxes, which may have been partly responsible for the longer fingers.

10.1128/mBio.02330-16.3

Intensity of green light illumination dictates phototactic bias. *Synechocystis* cells were inoculated along the central axis of a square petri dish and exposed to a green (535 nm) LED, in the same setup as shown in [Fig. 1B](#fig1){ref-type="fig"}. The position of each inoculum on the plate determined the incident light intensity. The snapshot of communities of cells along the central axis of the plate imaged after 48 h is shown in [Fig. 4B](#fig4){ref-type="fig"}. The motility characteristics of single cells were investigated by imaging the region of each community closest to the LED at 6 h after inoculation. The movement bias of individual cells (A) increased with light intensity, while the fraction of motile cells (B) remained approximately constant. The speed along the light axis (C) decreased to a small extent with light intensity. Error bars are standard error of the mean from 6 independent experiments. At least 450 cells were used for each measurement. Download FIG S2, PDF file, 0.1 MB.
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![Green light promotes intensity-dependent phototaxis, while blue light stimulates *Synechocystis* growth but does not induce phototaxis. (A) Under illumination from a low-intensity green LED, communities experienced intensities ranging from 0.35 to 1.38 µE m^−2^ s^−1^ (measured at 535 nm). Communities were imaged after 48 h. Community movement toward the LED increased with increasing light intensity. The brightness of the communities indicated that there was also more cellular proliferation at higher intensities. (B) Under illumination from a high-intensity green LED, communities experienced intensities ranging from 0.51 to 1.97 µE m^−2^ s^−1^ (measured at 535 nm). Communities were imaged after 48 h. Movement toward the LED increased with increasing intensity, as shown in panel A, with the boxes highlighted in green experiencing similar incident intensities and exhibiting similar phototaxis. (C) Under blue light illumination, communities experienced intensities ranging from 0.65 to 3.91 µE m^−2^ s^−1^ (measured at 435 nm). Communities were imaged after 48 h. There was no net movement toward the LED. Cellular proliferation increased with increasing incident intensity. Bar, 2 mm (all panels). Similar behavior was observed in 7 experiments.](mbo0011731880004){#fig4}

Under the range of blue light fluxes tested (from 0.65 to 3.91 µE m^−2^ s^−1^, measured at 435 nm), we observed no phototaxis ([Fig. 4C](#fig4){ref-type="fig"}). As observed with green light illumination ([Fig. 4A](#fig4){ref-type="fig"} and [B](#fig4){ref-type="fig"}), there appeared to be more cell growth and division at higher intensities of blue light ([Fig. 4C](#fig4){ref-type="fig"}). From single-cell tracking, it was apparent that there were very few motile cells at any flux ([Fig. S3](#figS3){ref-type="supplementary-material"}), indicating that the lack of phototaxis is due to complete inhibition of motility by blue light; this behavior is in contrast to motility behavior in the dark, in which cells exhibit unbiased motion ([@B10]). Thus, green and blue light can stimulate a broad range of community behaviors encompassing different phototactic biases and proliferation levels.

10.1128/mBio.02330-16.4

Cells under blue light illumination exhibit no phototactic bias. *Synechocystis* cells were inoculated along the central axis of a square petri dish and exposed to a blue (435 nm) LED, similar to the experiment shown in [Fig. 1B](#fig1){ref-type="fig"}. The position of each inoculum on the plate determined the incident light intensity. The snapshot of communities of cells along the central axis of the plate imaged after 48 h is shown in [Fig. 4C](#fig4){ref-type="fig"}. The motility characteristics of single cells were investigated by imaging the region of each community closest to the LED, 6 h after inoculation. Under blue light illumination, cells demonstrated no movement bias of individual cells (A), regardless of light intensity, while the fraction of motile cells (B) and speed (C) remained approximately constant. The movement bias and speed of cells were measured along both the light axis and the axis perpendicular to the light source. Error bars are standard error of the mean from 3 independent experiments. At least 150 cells were used for each measurement. Download FIG S3, PDF file, 0.1 MB.
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Combinations of two wavelengths tune phototactic behavior via integration with growth. {#s1.5}
--------------------------------------------------------------------------------------

Given that cells can integrate signals from two red LEDs to determine their phototactic behaviors ([Fig. 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}), we next queried how they respond to antagonistic or conflicting light signals. The combinations of two different wavelengths with the same incidence direction could result in behaviors that are not easily predicted from the responses under each wavelength separately. In particular, given the strong inhibition of motility under blue light, we conjectured that the inhibitory effects of blue light illumination would be dominant over green light promotion of phototaxis. To test this, we simultaneously exposed inoculations to a range of blue and green light fluxes, with a blue LED (0.65 to 3.91 µE m^−2^ s^−1^) in combination with either an intermediate- or high-intensity green LED (0.35 to 1.38 and 0.51 to 1.97 µE m^−2^ s^−1^, respectively) (as for the experiment shown in [Fig. 4](#fig4){ref-type="fig"}). After 48 h, the communities exhibited a combination of the behaviors observed under each wavelength alone. For cells that experienced the highest fluxes of blue light for both green LED (high- or low-intensity) configurations, the extent of phototaxis was reduced ([Fig. 5](#fig5){ref-type="fig"}) compared to when only green light was present ([Fig. 4A](#fig4){ref-type="fig"} and [B](#fig4){ref-type="fig"}). The degree of phototaxis initially increased with decreasing flux, and then it decreased at the farthest spots ([Fig. 5](#fig5){ref-type="fig"}). Interestingly, inoculations at intermediate/low fluxes of green and blue light formed finger-like projections that were not evident with corresponding inoculations exposed to a single green LED ([Fig. 5C](#fig5){ref-type="fig"}, pink box). Those communities also appeared denser, suggesting that the promotion of proliferation by blue light may result in increased motility, consistent with our previous observations of more rapid fingering and larger fingers at higher cell densities ([@B12]).

![Multiple signals with different wavelengths prompt a complex range of behaviors that integrate promotion and inhibition of phototaxis with cellular proliferation. (A and B) *Synechocystis* communities were exposed to a combination of the low-intensity green LED used in [Fig. 4A](#fig4){ref-type="fig"} and the blue LED used in [Fig. 4C](#fig4){ref-type="fig"}. (A) After 48 h, phototaxis was almost completely inhibited, although the droplets highlighted in cyan exhibited a peripheral halo of cells in the direction of the LEDs. (B) After 72 h, a small degree of phototaxis was evident at intermediate intensities. (C and D) Communities were exposed to a combination of the high-intensity green LED used in [Fig. 4B](#fig4){ref-type="fig"} and the blue LED used in [Fig. 4C](#fig4){ref-type="fig"}. After 48 h (C), at all intensities, the brightness of the communities indicated that cells underwent more proliferation than in the presence of either green or blue light alone. At the higher intensities of blue and green light, phototaxis was inhibited relative to green LED illumination alone. At moderate intensities (highlighted in the pink box), phototaxis was intensity dependent and communities exhibited more movement toward the light than under green light alone. This pattern of phototaxis was still present after 72 h (D). Bar, 2 mm (all panels). Similar behavior was observed in 7 experiments.](mbo0011731880005){#fig5}

Comparison of the effects of the same panel of blue light fluxes combined with the lower ([Fig. 5A](#fig5){ref-type="fig"} and [B](#fig5){ref-type="fig"}) and higher ([Fig. 5C](#fig5){ref-type="fig"} and [D](#fig5){ref-type="fig"}) ranges of green light fluxes showed that the inhibition of phototaxis at higher blue flux was dependent on the incident green light flux; positive phototaxis could be recovered with higher green flux for the same incident blue flux (compare leftmost spots in [Fig. 5A](#fig5){ref-type="fig"} and [B](#fig5){ref-type="fig"} with [Fig. 5C](#fig5){ref-type="fig"} and [D](#fig5){ref-type="fig"}). In addition, the lag time before significant finger formation was shorter with the range of higher incident green light, as evident from images taken after 48 and 72 h ([Fig. 5C](#fig5){ref-type="fig"} and [D](#fig5){ref-type="fig"}). There are two possible causes of this acceleration: (i) as with blue light, green light could contribute to enhanced cell growth (thereby enhancing community-level phototaxis), and (ii) there may be cross talk between the signaling pathways that promote and inhibit phototaxis within cells. It is likely that both factors are at play, given the behaviors we observed under two LEDs ([Fig. 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). We therefore conclude that the phototactic response of a cell to multiple inputs is graded, rather than such a response having a dominant promoting or inhibitory component.

Rapid inhibition of single-cell motility from blue light illumination followed by slow recovery. {#s1.6}
------------------------------------------------------------------------------------------------

We further investigated the competition between the activating and inhibitory pathways in *Synechocystis* cells by probing the effects of transient removal of the incident green light source or its replacement with blue light. Switching from green to blue or darkness should inactivate or deactivate, respectively, TaxD1 by converting the photoreceptor from the active *P*~*b*~ to inactive *P*~*g*~ state or by dark reversion to the inactive photoreceptor state ([@B24]). At the same time, the presence of blue light could activate photoreceptors that inhibit positive phototaxis (e.g., UirS, Cph2, CCry1-DASH \[[@B7], [@B16], [@B19], [@B26]\]). To enable comparisons with results of our previous studies ([@B10]), we grew communities that had finger-like projections and then measured the single-cell behavior in the midfinger region at least 24 h after inoculation of cells on the agarose ([Fig. 6A](#fig6){ref-type="fig"}).

![Blue light rapidly inhibits phototaxis, while recovery from inhibition occurs more slowly. Data for time zero denote results at the time of the first change in the light condition. (A) Representative phase-contrast images of the finger-like projections during times of imaging (shown in panels B to D). Cells were imaged in the mid-finger region (highlighted by the yellow box). (B) Cells were imaged for 20 min with incident green light (1.03 µE m^−2^ s^−1^ at 535 nm), after which time the light source was switched off for 20 min and then switched back on for 20 min. The motility bias parallel to the light quickly dropped to near zero once the light was turned off and then reestablished its original value within 100 s of light restoration. At least 150 cells were used for each measurement. Error bars represent the standard errors of the means for 4 independent droplets. (C) Cells were imaged for 20 min with incident green light, after which the green LED was switched off for 20 min and a blue LED (1.9 µE m^−2^ s^−1^ measured at 435 nm) was turned on, and then the two were switched back on and off, respectively, for 20 min. (i) Motility bias parallel to the light quickly dropped to near zero upon the first switch (green LED off). However, bias only recovered partially upon the second switch (green LED on) and then slowly approached the initial value over tens of minutes. At least 500 cells were used for each measurement with green light, and at least 150 cells were used for each measurement with blue light. Error bars show the standard error of the mean from 3 independent droplets. (D) As for panel C, except that the green LED was kept on throughout the experiment. (i) The decrease in motility bias upon blue LED illumination occurred more slowly than in panels B and C (over a few min). This bias recovered to a value much closer to the original value than the data shown in panel C, indicating that the inhibitory effect of blue light was ameliorated. At least 500 cells were used for each measurement with green light, and at least 150 cells were used for each measurement with blue and green light. Error bars indicate the standard error of the mean for 3 independent droplets.](mbo0011731880006){#fig6}

First, we switched the green light source off for 20 min and then restored the light. As we previously observed with a broad-spectrum warm-white LED ([@B10]), cells lost their phototactic bias upon removal of the green light source but rapidly regained their original movement bias with the renewal of light within the minimal 100-s interval necessary to accurately quantify bias ([Fig. 6B](#fig6){ref-type="fig"}). Single-cell speeds along both axes dropped by \~40% in the dark ([Fig. S4A](#figS4){ref-type="supplementary-material"}), and the preswitch speeds were reestablished once the green LED was turned back on ([Fig. S2](#figS2){ref-type="supplementary-material"}). This observation was in contrast to cellular behavior in the dark after white light illumination, wherein speed was maintained in the dark ([@B10]). When we switched a red LED off for 20 min, bias quickly dropped to 0 ([Fig. S5A](#figS5){ref-type="supplementary-material"}), and the speed in the dark decreased to a lesser extent ([Fig. S5B](#figS5){ref-type="supplementary-material"}) than when green light was the original source ([Fig. S4A](#figS4){ref-type="supplementary-material"}).

10.1128/mBio.02330-16.5

The speed of cells is dependent on the instantaneous incident light wavelength. (A) Cells were imaged for 20 min with incident green light (Green 1), after which the light source was switched off for 20 min (Off) and then switched back on for 20 min (Green 2). The mean speeds of cells along both axes dropped by \~40% (*y*) and \~30% (*x*) in the absence of light, and preswitch speeds were reestablished once the green LED was turned back on. At least 150 cells were used for each measurement, and the standard errors of the mean are shown for 4 independent inoculations. \*\*\*, *P* \< 0.001. (B) Cells were imaged for 20 min with incident green light (Green 1), after which the green LED was switched off for 20 min and a blue LED was turned on (Blue), and then the two were switched back on and off, respectively, for 20 min (Green 2). The speeds of cells along both axes dropped by \~40% in the presence of blue light; preswitch speeds were approximately reestablished once the green LED was turned back on. At least 500 cells were used for each measurement with green light, and at least 150 cells were used for each measurement with blue light. Error bars show the standard error of the mean from 3 independent inoculations. \*, *P* \< 0.05; \*\*, *P* \< 0.01. (C) Results of an experiment similar to that shown in panel B, except for the green LED being kept on throughout the experiment. The speeds of cells along both axes dropped by \~40% in the presence of blue light. Preswitch speeds were reestablished once the green LED was turned back on. Distributions were compiled using 3 independent inoculations. At least 500 cells were used for each measurement with green light, and at least 150 cells were used for each measurement with blue light. Error bars indicate the standard error of the mean from 3 independent inoculations. \*\*, *P* \< 0.01. Download FIG S4, PDF file, 0.3 MB.
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The change in behavior of cells upon light loss is dependent on the prior-experienced incident light wavelength. Using a similar strategy as in [Fig. 6B](#fig6){ref-type="fig"} and S2A, cells were investigated for changes in single-cell motility behavior upon removal and restoration of red (660 nm) light. Cells were imaged for 20 min with incident red light (Red 1, 0.91 µE m^−2^ s^−1^ at 655 nm), after which the light source was switched off for 20 min (Off) and then switched back on for 20 min (Red 2). (A) The movement bias of cells along the *y* axis decreased to approximately 0 within 100 s of red light removal, and bias was rapidly reestablished upon restoration of the red light. The movement bias of cells along the *x* axis remained approximately 0 throughout the experiment. (B) The mean speeds of cells along both axes dropped by \~20% (*y*) and \~10% (*x*) in the absence of light, and preswitch speeds were reestablished once the red LED was turned back on. At least 1,200 cells were used for each measurement, and error bars represent the standard error of the mean from 3 independent inoculations. \*, *P* \< 0.05; \*\*\*, *P* \< 0.001. Download FIG S5, PDF file, 0.1 MB.
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We next switched from green light to an intermediate blue light flux for 20 min, which resulted in the rapid loss of phototactic bias ([Fig. 6C](#fig6){ref-type="fig"}) and a partial decrease in speed ([Fig. S4B](#figS4){ref-type="supplementary-material"}), as observed in the dark switch ([Fig. 6B](#fig6){ref-type="fig"}; [Fig. S4A](#figS4){ref-type="supplementary-material"}). However, full restoration of phototaxis upon renewal of green light required a much longer time; cells initially increased their motility bias over the first few minutes but did not regain their original motility bias even after 40 min ([Fig. 6C](#fig6){ref-type="fig"}). Switching from blue light back to green should activate TaxD1 and PixD by converting the photoreceptors to the active form that promotes phototaxis while allowing the inhibitory photoreceptors to revert back to their inactive, "dark" state.

Finally, we maintained green light illumination throughout the experiment and added intermediate blue light for 20 min. Loss of phototaxis occurred on a slower time scale (\~5 min) ([Fig. 6D](#fig6){ref-type="fig"}), consistent with our other data indicating that inhibitory effects can be overcome by the presence of phototaxis-promoting signals ([Fig. 5](#fig5){ref-type="fig"}). The addition of blue light still reduced the speed ([Fig. S4C](#figS4){ref-type="supplementary-material"}). The time scale for recovery of motility bias was intermediate between the dark ([Fig. 6B](#fig6){ref-type="fig"}) and blue-light-only ([Fig. 6C](#fig6){ref-type="fig"}) conditions, with an initial, fast recovery to a level somewhat below the initial bias and a second, slow recovery phase ([Fig. 6D](#fig6){ref-type="fig"}). These results suggest that blue light-activated photoreceptors inhibit motility for some time and that dark reversion or loss of phototaxis inhibition takes place on a longer time scale than that of activation of phototaxis, consistent with previous measurements of the dark-reversion half-life of TaxD1 (\>1 h) ([@B24]).

DISCUSSION {#s2}
==========

Our study shows that phototactic bias in *Synechocystis* is intensity dependent under red and green light illumination, but the fraction of cells that are motile is independent of intensity, as is their speed in each direction, indicating that cells are primed for a change in light input that would require them to alter their motility bias. How do cells control this bias in an intensity-dependent manner? The maintenance of speed argues against a global increase in the pilus activity responsible for cellular locomotion ([Fig. 1D](#fig1){ref-type="fig"}; see also [Fig. S2C](#figS2){ref-type="supplementary-material"} in the supplemental material). Instead, our data suggest that pilus localization or activity control conserves the amount of pulling along the incidence direction; it is likely that the ratio of pulling toward versus away from the light dictates bias. A roughly equivalent fraction of pulling events must also occur perpendicular to the light, which may allow *Synechocystis* cells to tune their bias in response to changing conditions. Our data thus also predict that the fraction of photoreceptors that are active at any time is intensity dependent. Such behavior has been observed in the blue light flux-dependent activation of the PixD photoreceptor, through dissociation of the inactive PixD-PixE complex into its active components ([@B27]). The rapid changes in direction that we observed could be due directly to photoreceptor switching between active and inactive states, or to downstream components of the motility transduction pathway, such as competition between pili.

We previously observed a similar maintenance of speed under dark conditions after switching from white light illumination ([@B10]), indicating that light is at least transiently not required for cellular motility. However, our observations in the current study revealed that speed determination is more complex; speed dropped somewhat when cells were switched from red light to dark conditions ([Fig. S5B](#figS5){ref-type="supplementary-material"}) and decreased more substantially when switched from green light to dark conditions ([Fig. S4A](#figS4){ref-type="supplementary-material"}). These differences may be explained by cellular energetics, whereby white light activates photosynthesis more effectively than single wavelengths and therefore cells have more energy. Speed did not drop to zero when switching from green to blue light ([Fig. S4B](#figS4){ref-type="supplementary-material"} and [C](#figS4){ref-type="supplementary-material"}), indicating that immediately previous exposure to green light is sufficient to transiently overcome the inhibitory effects of blue light on motility. Thus, our results with different wavelengths show the clear dependence of the motility response on specific photoreceptors, though it is difficult to decouple this response from the photosynthesis-derived energy production that also affects motility. Nevertheless, there is a long deactivation time scale after red/green illumination that is also evident in the reversal of bias after blue light inhibition ([Fig. 6C](#fig6){ref-type="fig"}).

Single-cell tracking provides a powerful way to increase our understanding of the molecular pathways by which photoreceptors communicate with and activate type IV pili to mediate a specific phototactic response. For example, we determined that cells exposed to two perpendicular LEDs move in the direction of the vector sum of incidence directions ([Fig. 2B](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). We envision two possibilities for achieving this behavior: (i) the input signals are combined before type IV pilus activation, or (ii) type IV pili pull in two different directions but cellular movement is a product of multiple pulling events, and the force vector that determines motion is along the vector sum. Our previous study ([@B10]) suggested that consecutive steps taken by a single cell over 1-s imaging intervals are often due to the retraction of a single pilus, arguing for the first hypothesis above, although if the two pili were synchronized, then our data would be inconclusive. Labeling pili for a direct readout of retraction, or accomplishing an indirect readout via traction force ([@B28]), would provide insight into this situation, particularly if combined with the determination of photoreceptor localization via use of fluorescent protein fusions.

The ability of *Synechocystis* cells to sense light directionality is particularly striking, given that their size is on par with the wavelength of visible light. A recent study suggested that directional light sensing is possible in *Synechocystis* cells because they act as spherical microlenses. This allows cells to "see" a light source, because the light is focused on the edge of the cell opposite from the source. This focusing then triggers movement away from the focused spot, resulting in movement toward the light source ([@B9]). Our current study suggests that cells sensitively tune their response based on light intensity ([Fig. 1](#fig1){ref-type="fig"} and [4](#fig4){ref-type="fig"}). Responses after exposure to opposing LEDs suggest that cells are able to detect intensity differences, polarizing their motion toward the brighter LED in a position-dependent fashion ([Fig. 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). When exposed to perpendicular LEDs, *Synechocystis* communities started moving in one direction and then turned 90° ([Fig. 2B](#fig2){ref-type="fig"}), indicating that the shape of the incident light cone determines the cellular response and that cells can adjust to new light directions rapidly, without residual motion in the original direction of movement.

To the best of our knowledge, the current study is the first to address the integration of light directionalities and wavelengths by *Synechocystis* cells, revealing a broad range of behaviors that lead to regulation and competition among the photoreceptors that collectively contribute to the phototaxis response. The increase in speed when cells are illuminated by two opposing LEDs ([Fig. 3B](#fig3){ref-type="fig"}) means that the elimination of motility bias is not due to an inhibition of pilus retraction events. Speed only increased parallel to the light source ([Fig. 3B](#fig3){ref-type="fig"}), with larger steps in these directions ([Fig. 3D](#fig3){ref-type="fig"}, panel ii), suggesting that exposure to the two LEDs altered the pulling activity along this axis. A previous study with *Neisseria gonorrhoeae* proposed a tug-of-war mechanism in which type IV pili drive persistent motility ([@B29]). While the details are likely different for *Synechocystis*, we hypothesize a similar model in which the increased cellular motion back and forth along the light axis creates mechanical tension within the cell envelope that upregulates some part of the process of pilus retraction, such as the frequency of extension/retraction and/or force generation. This model would require that the two opposing LEDs cause pulling in both directions simultaneously, in contrast to the single-LED situation.

In water columns where freshwater *Synechocystis* is normally found, blue and green light are likely to be less absorbed than infrared or red light, and therefore blue and green light may be important light cues. The contrasting enhancement of phototaxis by green light and inhibition by blue light ([Fig. 4](#fig4){ref-type="fig"}), coupled to the variable increase in proliferation caused by each ([Fig. 4](#fig4){ref-type="fig"}), provides intriguing possibilities for their combined effects. We have provided the first evidence that blue light inhibits phototaxis by virtually inhibiting cell movement ([Fig. 4C](#fig4){ref-type="fig"}; [Fig. S3](#figS3){ref-type="supplementary-material"}). The intensity dependence of the competition between green and blue inputs ([Fig. 5](#fig5){ref-type="fig"}) also suggests that none of the photoreceptors has a dominant effect. Nonetheless, reversion of motility bias from blue light occurs over a longer time scale ([Fig. 6C](#fig6){ref-type="fig"} and [D](#fig6){ref-type="fig"}) than that from other light inputs we measured, especially reversion from the dark ([Fig. 6B](#fig6){ref-type="fig"}). Blue light inactivates TaxD1, whose presence promotes positive phototaxis ([@B5], [@B8]); however, blue light illumination does not have the same effect as deletion of TaxD1, since we did not observe any negative phototaxis ([Fig. 4C](#fig4){ref-type="fig"}). This difference likely occurs because blue light also turns on blue light-responsive photoreceptors, such as Cph2, PixD1, and UirS ([@B7], [@B16], [@B19], [@B26]), suggesting that analysis of the motility of mutants (potentially multiple knockouts) under varied light conditions may enable further deconstruction of the blue light response in *Synechocystis*.

Here, an important component of the combination of green and blue light was the degree of cell proliferation, which drove a switch from complete inhibition of motility at high intensity to an increase in phototaxis at intermediate intensity ([Fig. 5](#fig5){ref-type="fig"}). Given that blue light appears to stimulate more proliferation and inhibit motility ([Fig. 4C](#fig4){ref-type="fig"}), it is intriguing to consider the possibility of negative feedback between proliferation and motility in *Synechocystis*, as has been observed in the swarming bacteria *Pseudomonas aeruginosa* ([@B30]) and *Myxococcus xanthus* ([@B31]). While there may be similar feedback in *Synechocystis*, such a stark switch between motility and proliferation cannot exist, as evidenced by the coupled increase in phototaxis and proliferation under green light illumination ([Fig. 4](#fig4){ref-type="fig"}); perhaps motility is aided by proliferation due to the requirement for high EPS levels. Moreover, since speed is partially maintained when switching from green to blue light ([Fig. S4B and C](#figS4){ref-type="supplementary-material"}), the time scales of exposure to a particular wavelength must also matter and not just whether photoreceptors are activated; this effect may be due to the effects of green and blue light on proliferation. Most models of *Synechocystis* motility have neglected proliferation, as it is difficult to measure since it must be measured as a function of wavelength, on a surface, and as it varies in time and space. Microfluidics may be necessary to rapidly probe this parameter space, and quantitative analyses of community phenotypes could be used to infer the pattern of cell division and growth.

Phototaxis represents both a signaling and a motility response, requiring consideration at the single-cell and community scales. Given that cyanobacteria routinely experience complex environments, it is critical to establish experimental systems, such as the one employed here, that enable tuning of the light input in terms of wavelength, flux, and directionality. The current study highlights the capacity of *Synechocystis* cells to integrate multiple inputs, rather than simply choosing to respond to a light signal that dominates other signals. This integration of signals likely occurs within and outside the cell through the interaction of signaling pathways with their photoreceptors and through competition among pili across the cell surface. Motility also depends on other factors, such as EPS concentration, which is determined by the local cell density ([@B11]); hence, motility also depends on the promotion of cellular proliferation by the light environment. Therefore, phototaxis on the community scale is a collective behavior that relies on a combination of signal transduction of a light input, surface sensing through EPS-mediated mobility enhancement, mechanical feedback on pilus activity, and the local and global effects of cell density. These connections can be generalized to other multicellular behaviors in which dynamic interactions among multiple factors over various time scales, length scales, and/or modes of action (chemical/mechanical/energetic) are critical for comprehending the emergent properties of the community.

MATERIALS AND METHODS {#s3}
=====================

Strains and growth conditions. {#s3.1}
------------------------------

*Synechocystis* sp. PCC6803 cells from a strain collection at the Carnegie Institution at Stanford were grown from an original single colony of phototaxis-positive cells in BG-11 medium ([@B32]) at 30°C with continuous shaking at 100 rpm under overhead warm white fluorescent light (Super Saver Warm white; F40WW/SS; 34 W). The incident fluence rate was 10 μE m^−2^ s^−1^. All imaging experiments were performed using exponentially growing cells with an optical density at 730 nm (OD~730~) of 0.8 (33,000 cells/μl) as measured with an Ultrospec 3100 Pro spectrophotometer (Amersham Biosciences, Inc.).

Motility assays. {#s3.2}
----------------

Motility assays were carried out on 0.4% (wt/vol) agarose in BG-11 medium in 50-mm plastic petri dishes (BD Falcon) or 100-mm square dishes (Simport, Quebec, Canada) at 30°C. One microliter of cells from a culture with an OD~730~ of 0.8 was placed at a particular position on a plate, and then the plate was inverted to minimize evaporation of the agarose. One or two LEDs (Roithner LaserTechnik GmbH) of the appropriate wavelength(s) (red: LED660N-03, 5 mm, 15 mW, 24° spread; green: LED535-01, 5 mm, 4 mW, 8° spread; blue: LED435-03, 5 mm, 20 mW, 12° spread) were used to illuminate the plate. To induce phototaxis, the LED(s) was placed 50 mm from the center of the center-most droplet (which had a diameter of 2.5 mm) at the level of the agarose ([Fig. 1](#fig1){ref-type="fig"} to [3](#fig3){ref-type="fig"}), or at 10 increasing distances (starting at 11.4 mm, with increments of 5.7 mm) away from the centers of the inoculations at the level of the agarose ([Fig. 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}).

Measurement of incident light intensities. {#s3.3}
------------------------------------------

Incident light intensities were measured along the direction tangent to the light vector of the relevant LED(s) at the positions of inoculations by using a Black-Comet UV-Vis spectrometer (StellarNet Inc.).

Time-lapse imaging. {#s3.4}
-------------------

Entire droplets of cells were imaged using a Canon 60D DSLR camera (Canon United States, Inc.) attached to an MZ12 stereoscope (Leica Microsystems, Inc.). In light manipulation experiments, cells were placed under directional light for at least 24 h until finger-like projections had formed from the site of inoculation. In the light on/off experiment, the power supply to the LED was turned off or on, depending on the desired light condition. Time-lapse imaging at single-cell resolution was conducted at 20× magnification and 1-frame/s intervals by using a Coolsnap-Pro monochrome camera (Photometrics) attached to a TE-300 inverted microscope (Nikon Instruments Inc.). The temperature was maintained at 30°C in all time-lapse imaging experiments by use of a custom environmental chamber (HaisonTech).

Cell tracking and analysis. {#s3.5}
---------------------------

Cell tracking was performed using custom MatLab software (MathWorks) ([@B10]) to quantify the positions and velocities of individual cells over time. In each frame, individual cells were segmented using thresholding and a watershed transform, and the locations of their centers of mass were recorded. To avoid artifacts due to inconsistent segmentation of cell doublets, centroids that were closer than 0.93 μm were removed from subsequent analyses and the tracks of the associated cells were terminated. The track of each cell was identified using the nearest-neighbor distance across frames. The step size taken over each 1-s interval between frames was defined as the Euclidean distance moved by the cell over that time. To avoid incorrect assignment of tracks at high cell density, step sizes of \>1.86 μm were ignored and those tracks were terminated. The step angle was calculated relative to the light axis by taking the inverse tangent of the ratio between the displacements along the perpendicular and parallel axes. Steps taken directly toward or away from the light were defined as 0° and 180°, respectively. The speed, velocity, and bias values of each cell were calculated over 100-s intervals, unless otherwise indicated. These parameters were measured separately along the two axes (parallel and perpendicular to the light) and included the times during those intervals when cells appeared stationary. Speed and velocity were calculated by dividing the total path length of displacement and the displacement along the relevant axis, respectively, by the length of the time interval of measurement. Movement bias was calculated by dividing the resultant displacement by the total path length.

Data availability. {#s3.6}
------------------

Data in our article's figures include time-lapse microscopy images of single cells and images of whole droplets of cells. All images are available upon request from the corresponding author.
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